The gene e n c o d i n g t h e DNA m e t h y l t r a n s f e r a s e , M . £ v i B I I I , from C h l o r e l l a v i r u s NC-1A was c l o n e d and e x p r e s s e d i n £_,. 
INTRODUCTION
We have i s o l a t e d and p a r t i a l l y c h a r a c t e r i z e d 30 l a r g e ( 1 5 0 t o 190 nm i n d i a m e t e r ) , p o l y h e d r a l , dsDNA c o n t a i n i n g ( > 3 0 0 k b p i n s i z e ) , p l a q u e f o r m i n g v i r u s e s w h i c h i n f e c t c e r t a i n u n i c e l l u l a r , e u k a r y o t i c C h l o r e l l a -l i k e g r e e n a l g a e ( 1 , 2 ) . T h e s e v i r u s e s w e r e p l a c e d i n t o 11 c l a s s e s o n t h e b a s i s o f p l a q u e s i z e , r e a c t i o n w i t h a n t i b o d y a n d t h e n a t u r e a n d abundance of m e t h y l a t e d b a s e s i n t h e i r genomic DNAs ( 2 ) 
. Each of t h e v i r u s DNAs c o n t a i n s 5 -m e t h y l d e o x y c y t o s i n e (m d C )
; t h e c o n c e n t r a t i o n of m dC a s a p e r c e n t a g e of d e o x y c y t o s i n e , v a r i e s from 0 . 1 $ , t o 4 7 . 5 $ .
I n a d d i t i o n , 18 of t h e 30 v i r u s DNAs a l s o o o c o n t a i n N -m e t h y l d e o x y a d e n o s i n e (m d A )
; t h e c o n c e n t r a t i o n o f m dA, a s a p e r c e n t a g e of d e o x y a d e n o s i n e , v a r i e s from 1 . 4 5 $ t o 3 7 $ .
The f i n d i n g t h a t m e t h y l a t i o n was s e q u e n c e s p e c i f i c l e d t o t h e d i s c o v e r y t h a t C h l o r e l l a s p . i n f e c t e d w i t h a t l e a s t some of t h e s e v i r u s e s c o n t a i n DNA me t hy 1 1 r a n s f e r a s e s a n d DNA r e s t r i c t i o n e n d o n u c l e a s e s ( 3 , 4 , 5 ) .
F o r e x a m p l e , v i r u s NC-1A
i n f e c t e d C h l o r e l l a NC64A c e l l s c o n t a i n a t y p e I I DNA r e s t r i c t i o n e n d o n u c l e a s e , named £ v i B I , which r e c o g n i z e s the sequence GANTC and c l e a v e s between G and A; £viBI does not m cleave G ANTC sequences ( 5 ) . NC-1A i n f e c t e d C h l o r e l l a c e l l s contain the cognate m e t h y l t r a n s f e r a s e , named M.£viBI, which s p e c i f i c a l l y methylates adenine in GANTC sequences and at l e a s t two other d i s t i n c t methyltransferases M.£viBII and M . £ v i B I I I . M.£viBII and M.£viBIII s p e c i f i c a l l y m e t h y l a t e adenine in GATC and TCGA s e q u e n c e s , r e s p e c t i v e l y (Xia, Narva and Van E t t e n , u n p u b l i s h e d d a t a ) .
T h e i r p u t a t i v e c o g n a t e r e s t r i c t i o n endonucleases, £viBII and £ v i B I I I , have not been d e t e c t e d in e x t r a c t s of NC-1A infected Chlorella NC64A.
We are t r y i n g t o i s o l a t e and c h a r a c t e r i z e t h e g e n e s encoding some of these DNA m e t h y l t r a n s f e r a s e s and r e s t r i c t i o n endonucleases to understand t h e i r b i o l o g i c a l s i g n i f i c a n c e and to compare them to prokaryotic systems. This r e p o r t d e s c r i b e s the successful cloning, c h a r a c t e r i z a t i o n and e x p r e s s i o n of the methyltransferase gene encoding M.£viBIII from v i r u s NC-1A in Escherichia c o l i .
To our knowledge t h i s i s the f i r s t v i r u s encoded m e t h y l t r a n s f e r a s e gene to be i s o l a t e d from a v i r u s infecting a eukaryotic organism.
MATERIALS AND METHODS
Viruses, v e c t o r s and host s t r a i n s .
The growth of t h e h o s t a l g a , C h l o r e l l a NC64A, on MBBM medium and t h e p r o d u c t i o n and p u r i f i c a t i o n of NC-1A and t h e other v i r u s e s have been described ( 1 , 6 ) . E. c o l i s t r a i n s LE392 ( 7 ) , JM83 (8) and GM2163 (dam", dcm ) (9) were used as h o s t s f o r p l a s m i d s pUC8, pl)C9 and recombinants thereof ( 8 ) . £ . c o l i CSR 603 (10) was used f o r a n a l y s i s of plasmid encoded p r o t e i n s . Bacteriophage lambda 467 was the source of transposon Tn5 ( 1 1 ) . Enzymes. All enzymes f o r r e c o m b i n a n t DNA e x p e r i m e n t s w e r e purchased from Bethesda Research L a b o r a t o r i e s or New England Biolabs and used according to the s u p p l i e r s recommendations. Cloning s t r a t e g y . Virus NC-1A DNA was p u r i f i e d a s d e s c r i b e d previously ( 1 2 ) . A l i b r a r y of Sau3A p a r t i a l d i g e s t i o n products of NC-1A DNA was prepared in £ . c o l i plasmid pUC8 by s t a n d a r d procedures ( 7 ) .
A c l o n e c o n t a i n i n g t h e M . £ v i B I I I g e n e , p l a s m i d pNC-IA. 1 4 . 8 , was s e l e c t e d from t h e NC-1A DNA l i b r a r y by a procedure originally suggested by Mann et al. (13) to clone bacterial methyltransferase genes. Briefly, the restriction endonucleases Sail (GTCGAC) and Taal (TCGA) are inhibited by 6 the presence of m dA in their recognition sequences. Since TCGA sequences are methylated by M.£viBIII, recombinant plasmids containing a M.£viBIII gene functional in iL. coli should be resistant to Sail and Tao.1. These plasmids were selected by treating the plasmid library with Sail before transforming £. coli . Enzyme extracts and methvltransferase assays. £• coli LE392 harboring pNC-1A.14.8 was grown to late log phase in LB broth (7) containing 100 yg/ml ampicillin and o harvested by centrifugation (5,000 x g for 5 min at 4 C ) . The cells were resuspended in 10 mM Tris-HCl, pH 8.0, 10 mM 2-mercaptoethanol, 50 yg/ml phenylmethylsulfonyl fluoride and 1 mg/ml lysozyme for 30 min at room temperature. The suspension o was frozen at -80 C, thawed at room temperature and then sonicated for three 30 second intervals at 100 watts with a Bransonic cell disrupter (model W 1 8 5 0 ) .
Cell debris was removed by centrifugation at 10,000 x g for 20 min at 4 C and glycerol was added to the supernatant to a final concentration of 10% (v/v).
Enzyme extracts (Fraction II) were prepared from virus infected Chlorella NC64A cells as described (5) .
Methyltransferase activity was assayed either by measuring transfer of methyl-H from S-adenosyl [methyl-H]methionine to DNA or by its ability to protect substrate DNAs from digestion with appropriate restriction endonucleases (3). TnS mutaaenesis.
Tn5 mutagenesis of recombinant plasmids was performed as previously described (11) . Sites of Tn5 insertion within the M.CviBIII gene were mapped with Hindlll and Hindlll plus EcoRI. Insertional inactivation of the M.CviBIII gene was determined by testing the Taal sensitivity of individual plasmids containing unique Tn5 elements. Nucleic acid electrophoresis and hybridization.
DNA was electrophoresed on agarose gels in either TBE buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA) or TPE buffer (80 mM Tris-phosphate, 8 mM EDTA) ( 7 ) . Nucleic acids were stained with 0.5 pg/ml ethidium bromide and visualized by ultraviolet illumination. Standard protocols were used for Southern t r a n s f e r of DNA t o n i t r o c e l l u l o s e f i l t e r s and f o r d o t b l o t e x p e r i m e n t s ( 7 ) . R a d i o a c t i v e DNA p r o b e s were p r e p a r e d by n i c k t r a n s l a t i o n u s i n g a k i t f r o m B e t h e s d a R e s e a r c h
Laboratories. DNA sequencing.
Nested d e l e t i o n s of t h e DNA f r a g m e n t c o n t a i n i n g t h e M.£viBIII gene in the s i n g l e -s t r a n d e d DNA phage v e c t o r s M13mpi8 Agarose g e l (0.8%) e l e c t r o p h o r e s i s of pNC-1A.14.8 digested with H i n d l l l , iLLndlll plus S a i l , U i n d l l l plus l a f l l , Hinfl and Mbol ( l a n e s 1 t h r o u g h 5, r e s p e c t i v e l y ) .
Numbers on the l e f t r e f e r t o s i z e s (kbp) of lambda M n d H I f r a g m e n t s .
pNC-1A.14.8 was p r o p a g a t e d in £ . c o l i GM2163 (dam-, dcm-).
or M13mp19 (14) were made u s i n g t h e Cyclone r a p i d d e l e t i o n subcloning system marketed by I n t e r n a t i o n a l B i o t e c h n o l o g i e s I n c . M13 c l o n i n g , propagation and dideoxy s e q u e n c i n g were a s d e s c r i b e d p r e v i o u s l y u s i n g d e o x y a d e n o s i n e 5 ' -[ a S ] -t h i o t r i p h o s p h a t e and buffer g r a d i e n t g e l s ( 1 5 , 1 6 , 1 7 ) . In vivo a n a l y s i s of plasmid encoded p r o t e i n s . Dral-H i n d l l l f r a g m e n t c o n t a i n i n g t h e gene was i s o l a t e d from pNC-1A.11.8, the H i n d l l l s i t e was f i l l e d in w i t h the Klenow fragment of DNA p o l y m e r a s e I and t h e fragment was l i g a t e d i n t o t h e Smal s i t e of pUC19 t o c r e a t e an i n -f r a m e fusion of M.C_viBIII to the 19 a m i n o -t e r m i n a l codons of lacZ . The r e s u l t i n g 3.9 kbp plasmid was d e s i g n a t e d pNC-IA.14-lac.
RESULTS

Isolation of the M.CviBIII gene.
Several transformants of two Sail resistant clones were obtained when 10 transforming units (ca. 5 times the number of individual clones in the library) were digested with Sail before transformation of £. coli LE392. One clone, pNC-1A.14.8, contained a 2.1 kbp insert of NC-1A DNA and was resistant to Sail and TaqI when propagated in £. coli ( Fig. 1 , lanes 2 and 3). Plasmid pNC-1A.14.8 DNA was digested by Hin.fi and Mbol, Values represent the average of duplicate assays. Reaction mixtures (20 v l) containing 2 yCi of S-adenosyl [methyl-^H] methionine, 1 yg of DNA and 10 units of M.J_aaI were incubated at 65°C for 1 hr. pNC-IA.14.8 was propagated in dam~, dcin" £_,. coli GM2163. c M.TaqI was omitted from the reaction. Crude extracts of M.£viBIII and lacZ -M.£viBIII were prepared from cell-free sonicates of dam~, dcm~ £. coli harboring pNC-1A.14.8 and pNC-1A.14.lac (an M.£viBIII-overproducing plasmid), respectively. Conmercial M.Iaa.1 was used as a control. Values represent the average of two or three assays. Reaction mixtures (50 p l) contained 2 pCi S-adenosyl [methyl-^H] methionine, 3 pg DNA and either 10 pi crude cell extract or 10 U commercial M.Tag.1. M.£viBIII and lac_Z-M.£viBIII values were normalized to equivalent amounts of protein.
which r e c o g n i z e t h e same b a s e s e q u e n c e s a s t h e NC-1A m e t h y l t r a n s f e r a s e s M.£viBI and M.CviBII, r e s p e c t i v e l y ( F i g . 1, l a n e s 4 and 5 ) . These r e s u l t s i n d i c a t e t h a t p N C -1 A . 1 4 . 8 encodes only M.£viBIII and not M.CviBI or M.CviBII.
Additional experiments were conducted to confirm t h e s i t e s p e c i f i c i t y of the cloned M.£viBIII gene. Plasmid pNC-1A.14.8 DNA was r e s i s t a n t t o M.Taal methylation ( Table 1 ) . The £ . c o l i dam and dcm m e t h y l t r a n s f e r a s e s were not responsible for adenine m e t h y l a t i o n in TCGA s e q u e n c e s s i n c e i d e n t i c a l r e s u l t s were obtained when pNC-1A.14.8 was propagated in the dam , dcm £ . c o l i s t r a i n GM2163. These r e s u l t s i n d i c a t e t h a t a d e n i n e in TCGA sequences was methylated by cloned M.£viBIII in vivo in £ . c o l i . H -m e t h y l g r o u p s from S-adenosyl-Emethyl) methionine was reduced t o c o n t r o l l e v e l s (Table 2 ) . This r e s u l t demonstrates t h a t M.C_viBIII m e t h y l a t e s The 2.1 kbp fragment containing M.£viBIII has a single Ndel site about 1.2 kbp from one end and no internal BamHI, Belli, SstI and Hindlll sites (Fig. 3 B ) . When Southern blots of NC-1A DNA digested with these restriction endonucleases were probed with nick-translated pNC-1A.14.8, two Ndel fragments and single BamHI, BgAII, Sail and Hjjidlll fragments were identified as expected (Fig. 2 ) . Two fragments were also present in double digests of Ndel plus one of each of the other four restriction endonucleases. No hybridization to dot blots of Chlorella NC64A DNA was observed (data not shown). These results indicate that NC-1A contains a single copy of the M.£viBIII gene and that the host Chlorella does not contain the gene. A physical map of the M.C_viBIII gene was determined by mutagenesis of pNC-1A.14.8 w i t h transposon T n 5 . Plasmids c o n t a i n i n g Tn5 i n s e r t i o n s were assayed q u a l i t a t i v e l y f o r M.CviBIII directed methylation by t e s t i n g the s e n s i t i v i t y of the plasmid DNA t o Tao.1. Independent i n s e r t i o n s l o c a l i z e d M.£viBIII to a 1.5 kbp region on pNC-1A.14.8 ( F i g . 3A).
Tn5 insertions which had no e f f e c t on M.C_viBIII a c t i v i t y 
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in Hi 2« 2'0 were a l l l o c a t e d between the lac promoter o f pUC8 and t h e p u t a t i v e gene ( F i g . 3B) .
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Thus M . C v i B I I I t r a n s c r i p t i o n i s apparently i n i t i a t e d from a promoter i n the v i r u s DNA because Tn5 contains both t r a n s c r i p t i o n and t r a n s l a t i o n t e r m i n a t i o n signals (11).
M.£yiBIII was also expressed when the gene was cloned i n the opposite o r i e n t a t i o n w i t h respect to the lac promoter i n pUC9 (data not shown); t h i s provides a d d i t i o n a l evidence t h a t M.£viBIII t r a n s c r i p t i o n i n £ . c o l i u l t i l i z e s a promoter i n the virus DNA.
DNA sequence analysis of the M.CviBIII gene.
The DNA sequence of the e n t i r e 2. "S-methionine-labeled maxicell lysates prepared from s t r a i n s w i t h o u t plasmids ( l a n e 1 ) , h a r b o r i n g pUC19 ( l a n e 2) or harboring pNC-1A.14-lac (lane 3) were electrophoresed on a 12.5$ SDS-PAGE g e l , d r i e d and autoradiographed. The arrow indicates the new polypeptide encoded by pNC-1A . 14-lac .
The two forms of beta-lactamase, bla and bla are i n d i c a t e d . The numbers are the sizes (kd) of molecular weight markers. product in maxicells harboring the o r i g i n a l clone, pNC-1A.14.8 were unsuccessful, probably due to r e l a t i v e l y poor expression from the virus promoter.
T h e r e f o r e , the M . C v i B I I I gene was placed under c o n t r o l of the l a c promoter by c r e a t i n g an in-frame fusion with the 19 amino-terminal codons of lacZ i n pUC19 to generate pNC-1 A . 1 4 -l a c . harboring pNC-1 A. 14-lac was a p p r o x i m a t e l y n i n e t i m e s t h a t of t h e o r i g i n a l c l o n e ( T a b l e 2 ) .
The DNA s e q u e n c e of t h e lacZ-M.CviBIII fusion p r e d i c t s a p o l y p e p t i d e of about 45 kD. A p r o t e i n of t h i s s i z e was s y n t h e s i z e d in m a x i c e l l s c o n t a i n i n g pNC-1A.14-lac, but not in v e c t o r -c o n t a i n i n g s t r a i n s ( F i g . 5 ) . Mutant of NC-1A l a c k s M.CviBIII. DNA i s o l a t e d from a spontaneously derived small-plaque-forming NC-1A m u t a n t , d e s i g n a t e d NC-1A.S1c, was s e n s i t i v e t o S a i l and TaqI and r e s i s t a n t t o H i n f I and Mbol (data not shown). These r e s u l t s suggest t h a t the mutant v i r u s i s d e f e c t i v e for M.CviBIII but not M.£viBI and M.C_viBII.
The BamHI fragment p a t t e r n of NC-1A.S1c DNA d i f f e r e d i a 3
1 . ** -
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O . ** -F i g u r e 7 .
Six o t h e r C h l o r e l l a v i r u s e s c o n t a i n DNA s e q u e n c e s homologous t o t h e M . £ v i B I I I g e n e .
DNA from C h l o r e l l a v i r u s e s NC-1A, NE-8A, A1-2C, MA-1E, NY-2F, CA-1D and NC-1B ( l a n e s 1 t h r o u g h 7 , r e s p e c t i v e l y ) w a s d i g e s t e d w i t h D p n I a n d e l e c t r o p h o r e s e d on a 2$ a g a r o s e g e l .
The r e s t r i c t i o n f r a g m e n t s were t r a n s f e r r e d t o n i t r o c e l l u l o s e and probed w i t ĥ P -p N C -U . 1 4 . 8 .
S i z e s ( k b p ) of pUC8 H i n f l f r a g m e n t s a r e i n d i c a t e d on t h e l e f t . We have p a r t i a l l y c h a r a c t e r i z e d 30 v i r u s e s which i n f e c t the same h o s t , Chlorella NC64A, and placed t h e s e v i r u s e s i n t o 11 c l a s s e s and 9 r e s t r i c t i o n groups ( 2 ) .
One c l a s s i f i c a t i o n c r i t e r i o n was the r e s i s t a n c e or s u s c e p t i b i l i t y of the v i r u s DMAs to 13 r e s t r i c t i o n endonucleases; DNA sequences c o n t a i n i n g m dC and/or m dA can be implied from the r e s i s t a n c e of a DNA to c e r t a i n r e s t r i c t i o n e n d o n u c l e a s e s .
NC-1A b e l o n g s t o DNA r e s t r i c t i o n group D and i s the sole member placed in c l a s s 6.
To d e t e r m i n e i f any of t h e o t h e r 29 v i r u s e s c o n t a i n a homologous M.£viBIII gene, dot b l o t s of each of t h e i r DNAs were probed with pNC-1A. 14.8. DNA from the six v i r u s e s i n c l u d e d in c l a s s 7, r e s t r i c t i o n group E, hybridized to pNC-1A.14.8 ( d a t a not shown). DNA from each of these viruses was a l s o r e s i s t a n t to S a i l and Taql. Presumably a methyltransferase homologous to M.CviBIII methylates adenine in TCGA sequences in each of these v i r u s e s .
To examine the r e l a t e d n e s s of t h e s e genes Southern b l o t s of Dpnl d i g e s t s of these 6 virus DNAs and NC-1A DNA were probed with pNC-1A.14.8; t h e h y b r i d i z a t i o n p a t t e r n s were i d e n t i c a l to t h a t of NC-1A ( F i g . 7 ) .
I d e n t i c a l p a t t e r n s of h y b r i d i z a t i o n were a l s o observed in H §J>I d i g e s t s ( d a t a n o t shown). The lack of r e s t r i c t i o n fragment length polymorphisms i n d i c a t e s that the gross s t r u c t u r e of the M.CviBIII gene has not diverged in t h i s group of Chlorella v i r u s e s . I n t e r e s t i n g l y , pNC-1A.14.8 did not h y b r i d i z e t o DNA from c l a s s 5 v i r u s e s , SC-1A and SC-1B, which are a l s o members of r e s t r i c t i o n group D. SC-1A and SC-1B DNAs, l i k e NC-1A, a r e r e s i s t a n t to Sail and Jacj.1 and contain similar l e v e l s of m dA. This suggests t h a t SC-1A and SC-1B may encode a m e t h y l t r a n s f e r a s e d i f f e r e n t from M.CviBIII which m e t h y l a t e s adenine in TCGA sequences.
DISCUSSION
The M.CviBIII gene i s the f i r s t Chlorella virus gene to be cloned and e x p r e s s e d in £_t col i ; adenine r e s i d u e s i n TCGA sequences are methylated in. vivo and in. v i t r o with crude c e l l e x t r a c t s from £j. c o l i s t r a i n s containing M.£viBIII.
M.CviBIII i s one component of a complex of r e s t r i c t i o n and m o d i f i c a t i o n enzymes synthesized after NC-1A i n f e c t i o n of C h l o r e l l a NC64A. Two other DNA m e t h y l t r a n s f e r a s e s , M.£viBI and M.C_viBII, which m e t h y l a t e adenine in GANTC and GATC sequences r e s p e c t i v e l y 
